Overexpression of evgA, a response regulator of a two-component system, increased multidrug efflux in Escherichia coli. Since overexpression of the emrKY operon, which is controlled by evgAS, could account only for deoxycholate resistance, the evgAS locus apparently controls expression of at least one other multidrug efflux operon.
A currently favored mechanism underlying antibiotic resistance involves the extrusion of compounds by an efflux pump or carrier. The most intriguing drug extrusion mechanisms are those that involve a wide variety of structurally unrelated compounds as substrates for multidrug resistance (MDR) transporters. MDR transporters are found in a variety of bacterial species (4, 9, 12, 15) . Many genes coding for MDR transporters have been mapped on Escherichia coli chromosomal DNA (16) , but the transport capabilities of most of them have not been established. Recently we cloned all of them and investigated their drug resistance phenotypes (K. Nishino and A. Yamaguchi, unpublished data). During the course of that study, we found that the DNA locus including a putative transporter emrKY gene system (21) and two-component signal transduction evgA and -S genes (22) conferred multidrug resistance of E. coli. The emrK and -Y genes exhibit sequence similarity to the emrA and -B genes encoding a multidrug exporter of E. coli (10) , although the transport capabilities of EmrK and Y have not been elucidated. EvgA exhibits sequence similarity to the BvgA gene regulator, which controls the expression of adhesins, toxins, and other virulence factors in Bordetella pertussis (1, 18) . Kato et al. reported that evgAS regulates the expression of emrKY (7) .
To investigate the transport capabilities of EmrK and -Y, we amplified emrK and -Y genes with peripheral evgA and -S genes from the chromosomal DNA of E. coli W3104 by PCR using primers containing restriction enzyme SphI and BamHI sites, respectively. The DNA fragment was ligated into the SphI and BamHI sites of pUC118 to produce pUCSAKY. E. coli KAM3 (11), a derivative of K-12 that lacks multidrug transporter genes acrA and -B, was used for drug susceptibility testing.
Resistance to various compounds was tested by plating diluted samples of overnight cultures on YT (17) agar containing various concentrations of compounds. E. coli KAM3 showed hy- As a result, all plasmids that conferred multidrug resistance were found to contain evgA. pUCA, which contains only evgA, also exhibited multidrug resistance comparable to that of pUCSAKY. These observations indicated that evgA seems to be solely responsible for the multidrug resistance of the evgSA and emrKY loci. Thus, the results presented here indicate that the bacterial two-component signal transduction system may regulate multidrug resistance. Neither pUCKY nor pUCY conferred resistance to any compounds. Since emrKY might not be expressed from the native promoter, we cloned emrKY into the pQE30 expression vector to produce histidine-tagged proteins under the control of the T5 promoter (pQE30emrKY). Protein expression could be detected with antipolyhistidine antibodies (data not shown). pQE30emrKY conferred to E. coli KAM3 cells high-level resistance only to deoxycholate, not to the other compounds tested ( Table 2 ). The deoxycholate resistance of EmrKY is in agreement with previous observations (7).
Since emrKY did not confer evgA-induced multidrug resistance, there was a possibility that evgA regulates other MDR system(s). When histidine-tagged EvgA expression was induced by isopropyl-␤-D-thiogalactopyranoside in E. coli cells harboring pQE30evgA, a dense band corresponding to 23.5 kDa was observed on SDS-polyacrylamide gel electrophoresis (PAGE) of the membrane fraction (Fig. 1A, lane 4) . This band was also detected on Western blotting with antipolyhistidine antibodies (Fig. 1B, lane 4) . Thus, it is clear that this band represents EvgA-His 6 . This protein was transferred to a supernatant on 5 M urea washing (data not shown), indicating that EvgA is a peripheral membrane protein. For the cytoplasmic fraction of E. coli KAM3/pQE30evgA cells (Fig. 1A and B,  lanes 3) , only a very faint band at 23.5 kDa was observed. On   FIG. 1 . SDS-PAGE and Western blotting analysis of cells expressing EvgA and protein X. Membrane and cytoplasmic fractions of E. coli KAM3 and KAM3/pQE30evgA were prepared. The membrane (P) and cytoplasmic (S) fractions were then subjected to SDS-PAGE on 15% polyacrylamide gels. After electrophoresis, the gels were stained with Coomassie brilliant blue (A). Then proteins were electroblotted onto poly-vinylidene difluoride membranes. Histidine-tagged EvgA was detected with antipolyhistidine antibodies (B). (Fig. 1A, lane 1) . Protein X was eluted from the SDS-polyacrylamide gels, and its partial 10-amino-acid sequence was determined with a peptide sequencer ( Fig. 2A) . The resulting sequence, ADNAPVAAQQ, was completely consistent with the sequence of residues 22 to 31 of a putative protein encoded by the yfdX open reading frame (ORF). This ORF encodes a protein composed of 211 amino acids, but its function is not known. The yfdX ORF is close to the evgA and -S loci, and there are four ORFs (yfdE, yfdV, yfdU, and yfdW) between evgS and yfdX (Fig. 2B) . The functions of these four ORFs are also not known. We cloned the yfdX ORF into the pQE70 expression vector. E. coli KAM3 cells harboring pQE70yfdX exhibited high level expression of 26-kDa histidine-tagged protein X, as observed on Coomassie brilliant blue staining (data not shown). However, protein X did not confer resistance to doxorubicin (data not shown). Thus, it seems that protein X represents an EvgSA-induced signal transduction pathway other than drug resistance. The ORFs, yfdE, yfdV, yfdU, and yfdW, between evgS and yfdX were also individually cloned into pUC118 under the control of the corresponding native promoters. None of the E. coli KAM3 cells harboring pUCyfdE, pUCyfdV, pUCyfdU, or pUCyfdW exhibited resistance to any compounds tested (data not shown), although the possibility that these genes were not expressed from their native promoters cannot be excluded. Doxorubicin and rhodamine 6G were chosen as representative of drugs and toxic dyes to which E. coli KAM3 cells became resistant with a plasmid carrying the evgA gene. These compounds can be detected by their fluorescence. To determine whether the evgA-induced multidrug resistance is due to multidrug efflux of these compounds from the cells, we measured the efflux of these compounds from cells preloaded with these compounds. Exponential cultures of E. coli KAM3, KAM3/pUCA, or KAM3/pQE30emrKY were harvested and washed twice with 100 mM potassium phosphate buffer (pH 7.5) containing 5 mM MgSO 4 . For maximal accumulation of the fluorophore, the cells (optical density at 600 nm of 20 for doxorubicin or 1.0 for rhodamine 6G) were incubated with 1 M rhodamine 6G or 11.5 M doxorubicin and 40 M carbonyl cyanide m-chlorophenylhydrazone (CCCP) at 37°C for 1 h. The cells were then centrifuged, resuspended in the same medium containing 25 mM glucose to energize them, and subjected to fluorescence measurement. As shown in Fig. 3 , rapid efflux of doxorubicin and rhodamine 6G from E. coli KAM3/pUCA cells was observed as an increase in the fluorescence. On the other hand, no significant efflux was observed from KAM3 and KAM3/emrKY cells. Plasmid pQE30emrKY did not affect the rate of efflux, indicating that EmrKY exported neither doxorubicin nor rhodamine 6G. The addition of the proton conductor CCCP inhibited the doxorubicin efflux from E. coli KAM3/pUCA cells (Fig. 3A) , indicating that the active efflux is driven by a proton motive force. These observations clearly indicate that EvgA induces a doxorubicin and rhodamine 6G active efflux system(s) which is different from EmrKY.
Two-component systems are general signal transduction pathways in prokaryotic organisms responding to changes in environmental conditions (5, 14) . They have also been found in some eukaryotes (8) . A typical two-component system consists of two types of signal transducers, a sensory kinase and a response regulator (20) . The sensory kinase monitors some environmental parameters and accordingly modulates the functions of the response regulator through its phosphorylation (6, 19) . The response regulator mediates gene expression and/or cell behavior. Recently, it was found that a two-component system regulates bacterial drug resistance. VncRS in Streptococcus pneumoniae (13) and VanRS in enterococci (2) regulate vancomycin resistance. It was subsequently reported that another two-component system, ArIRS, in Staphylococcus aureus regulates the expression of multidrug transporter NorA (3) . In this study, we found that overexpression of the response regulator evgA of the two-component signal transduction system modulates multidrug resistance conferred by MDR transporters in E. coli. The findings in this study indicate that two-component system-controlled multidrug resistance via multidrug exporter(s) may be another general way for bacteria to acquire multidrug resistance. FIG. 3 . Active efflux of doxorubicin (A) and rhodamine 6G (B) from E. coli KAM3 cells harboring no plasmid, pUCA, or pQE30emrKY. Energy-starved cells of E. coli KAM3, KAM3/pUCA, and KAM3/pQE30emrKY cells were loaded with doxorubicin (A) or rhodamine 6G (B). The fluorescence of the compounds was continuously monitored with a Hitachi model F-2000 fluorescence spectrophotometer. Doxorubicin transport was measured with excitation at 478 nm and emission at 591 nm. Rhodamine 6G transport was measured with excitation at 529 nm and emission at 553 nm.
